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Abstract: An efficient, photocatalytic chlorination of alkylarene α-H groups using NaCl/HCl as chlorine source has been developed involving a radical 
mechanism under visible light (including sunlight) conditions. A chlorine radical is proposed to be formed by an electron transfer from chloride ion to O2 in 
air via the band gap hole of the semiconductor AgCl. The chlorination protocol is characterized by its use of natural sunlight or other visible light, mild 
conditions, cheap source of chlorine, green solvent and high selectivity. The yield of benzylchloride is 95% with a toluene conversion as high as 40%, 
which rivals traditional chlorination methods. 
The direct chlorination of C-H functions is an important industrial reaction used widely in the synthesis of bulk and fine chemicals 
alike. The selective chlorination of the α-H on an alkylarene is one of most important and fundamental reactions in organic chemistry. 
Most current chlorination processes are performed by making use of either chlorine gas or expensive N-chlorosuccinimide (NCS). 
Although chlorine gas is cheaper, its production by the chlor-alkali process involves high energy consumption. NCS is a more selective 
chlorination reagent, however, it is prepared from chlorine gas, making it more expensive again. It is an important goal therefore, to 
invent new chlorination reactions, especially using cheaper, sustainable and non-toxic chlorination agents. Indeed, inorganic chloride 
aqueous solution would be an ideal and cheap reagent, however, it is difficult to use directly or to easily convert it to a reactive reagent 
for chlorination of organic compounds, unless in the presence of strong oxidation agents [1-2]. This paper report a novel approach to 
chlorinate α-Hs on alkylarenes using directly inorganic chloride aqueous as chlorination agent without stong oxidation agents. 
Recently, the use of visible-light-mediated photoredox catalysis to generate radical species has become popular [3-12]. Among the 
inorganic photocatalysts employed to date, semiconductors are common, however, these materials cannot effectively absorb visible light 
due to a rather large band gap (>3.2 eV). Nanoparticles of noble metal，such as Ag, Au, Pt and Pd exhibit characteristic bands of 
optical attenuation at visible wavelengths due to localized surface plasmons (LSPs) [13-17]. Ag@AgX (X is a halogen) and 
Ag@AgX/GO as novel plasmonic composite catalysts are prepared [18] and exhibits good reactivity for degrading organic waste [19], 
and H2 production from a mixture of CH3OH and H2O [20], however, there has been no report of Ag@AgX as a visible light catalyst to 
carry out chlorination with aqueous inorganic chloride as chlorinating agent The mechanism of degrading organic compounds involves 
chloride free radicals, formed from the AgCl semiconductor as the key oxidation species [21]. 
We were interested to not only study the formation of chlorine radicals from chloride ion, but also its substitution characteristics. 
Herein, we report that Ag@AgCl acts as an efficient photocatalyst for the selective chlorination of α-Hs on alkylarenes, converting them 
to the corresponding α-Cl compounds with aqueous NaCl/HCl as the chlorine source. 
Ag@AgCl, nano-Ag was loaded onto the surface of AgCl was firstly prepared by the reaction of AgCl in the presence of methyl orange 
dye using visible light irradiation [21] to give an average content of elemental Ag in the Ag@AgCl of 3.2 mol% [22]. Although the 
photocatalyst exhibited enhanced photocatalytic activity for the degradation of organic contaminants, the catalyst activity was not high 
enough to efficiently achieve the photocatalytic chlorination of α-H at alkylarene to give the corresponding α-Cl compounds with 
aqueous NaCl/HCl as the chlorine source, either under sunlight or visible light conditions in air. The method of preparation of 
Ag@AgCl was improved. A suspension/solution of AgCl and AgNO3 was irradiated with a 300 W Xenon lamp equipped with an 
ultraviolet cut-off filter to provide visible light with λ ≥ 400 nm in the presence of 0.02 mol sodium formate solution to give 
considerably improved results; the resulting composite photocatalyst contained 8.7 mol% nano Ag. EDX and X-ray diffraction of the 
catalyst are shown in ESI. SEM of the composite photocatalyst showed that the resulting Ag/AgCl had silver particles with a diameter 
of 20-50 nm deposited on the 200-500 nm diameter silver chloride surfaces (Figure 1a). 
    
Figure 1 a. SEM of Ag/AgCl; b. SEM of Ag/AgCl after catalytic reaction 
 
Under visible light irradiation, it is expected that the nano Ag/AgCl composite catalyst absorbs photons to produce an excited state 
valence electrons from the Ag atoms in the Ag@AgCl. Ag atoms with empty orbitals (holes) on the catalyst surface accept an electron 
from Cl- ion on the AgCl, resulting in the formation of Cl0 atoms, which cause radical chlorination reactions. In a saturated solution of 
NaCl/HCl, Cl- ions are transformed continuously into chlorine radicals and driving the chloride substitution reaction. According to this 
strategy, we realized the α-H chlorination of alkylarenes with NaCl/HCl solution as the chlorinating agent under the irradiation of 
sunlight or visible light. A mixture of toluene, NaCl/HCl solution and TBAC was reacted in the presence of the Ag/AgCl catalyst under 
the irradiation of sunlight or visible light in air at room temperature. The reaction was monitored by GC and after 5-9 h, the 
conversation was in the range of 19-41%. 
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Scheme 1. Reaction of toluene with NaCl/HCl by photocatalysis  
The role of the NaCl and HCl was examined firstly. Either NaCl or HCl act as chloride source to generate the chlorinating agent to carry out the 
reaction, however, the synergistic effect was quite clear. As shown in Figure 2a, NaCl as chloride source reacts with toluene to give a 13% 
conversion (A in Figure 2 a) using 0.25 g Ag@AgCl with 6.8 mol% of nano-Ag as catalyst over 7 h under the irradiation of visible light. However, 
aqueous HCl reacts with toluene to give 32% conversion under the same conditions (F in Figure 2 a). In spite of the ionization of both chloride 
sources to chlorion in the H2O solution, muriatic acid provides protons to keep the reaction solution pH constant. The effect was confirmed by 
using a mixture of NaCl and H2SO4 for the same reaction which resulted in an increased reaction conversion as a function of the acid concentration, 
compared with either B, C, E or G, H in Figure 2a. When saturated NaCl in muriatic acid was used as chloride source for the chlorination of 
toluene, the conversion increased up to 40% and exhibited a synergistic effect. The possible reason for this is shown in the Scheme 2, i.e. the acidic 
conditions are responsible for producing Cl2 through the reaction of chlorion with hydrogen peroxide. 
It is clear that the reaction is a heterogeneous photocatalysis reaction, with the efficient interaction between the phases being a key 
factor. Hence, good phase transfer catalysis is required for this purpose, and different catalysts were selected to realize this purpose. 
Either quaternary ammonium salts or acetic acid were added as PTCs to the reaction mixtures, and in each case, the product benzyl chloride was 
obtained, with the effects of each of the different PTC on the reaction shown in  Figure 2b. Clearly, TBAC exhibits highest activity with the 
conversion is as high as 26% over 7 h using Ag@AgCl photocatalyst with 3.5 mol% loading of nano-Ag under the irradiation of a 300 W Xe arc 
lamp. 
   Catalyst loading levels and dosing of the nano Ag@AgCl are also important for the conversion of toluene in NaCl/HCl solution to 
benzylchloride. Figure 2c shows that the conversion increases with the amount of catalyst used under the irradiation conditions; 26% conversion 
being obtained in the presence of 0.3 g of the Ag@AgCl photocatalyst with a 3.5 mol% of loaded nano-Ag. Furthermore, the relationship of the 
nano-Ag loading level to toluene conversion was examined. As shown in Figure 2d, the conversion of toluene was just 26% using 3.5 mol% of 
loaded nano-Ag. However, when the reaction was repeated using 6 mol% catalyst, this increased to 32%. Indeed, the highest conversion (40%) 
(which is near to the traditional method [23]) was obtained using 9 mol% of the nano Ag@AgCl. 
 
  
 
Figure 2 a. Effect of NaCl/HCl ratio on the conversion. b. Effect of PTC on the conversion; c. Effect of Ag@AgCl dose on the conversation of toluene; d. 
Relationship of the the loading level of nano Ag at AgCl with the conversion rates  
 
Under irradiation using natural sunlight (all other conditions the same), the chlorination of toluene with NaCl/HCl also took place, and importantly 
in standard glassware. The photocatalytic chlorination conversion of toluene was as high as 23% using 0.3 g Ag@AgCl using the 6 mol% nano-Ag 
as catalyst over 7 h. The average intensity of the sunlight was measured at only 40 mw/cm2, compared with the average visible light intensity of 
the 300 w xenon lamp at 78.5 mw/cm2. Hence, although the lower light intensity of the sunlight is clearly one of the reasons for the lower 
conversion, the fact that this reaction proceeded perfectly well under ambient sunlight and normal glassware highlights the potential for this 
process. 
The mechanism of the photocatalytic chlorination reaction is most probably quite complex and to date, there has been no report of this process. 
Although chlorine radical is probably formed during the decomposition of organic contaminants using photocatalysis with Ag/AgCl under visible 
light, this radical only triggers oxidation reactions [19]. Chlorination needs enough chlorine radical, and in particular, dichlorine to achieve a 
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successful chlorination reaction. In order for the radical to be formed continually, the photocatalytic reaction is carried out in a saturated sodium 
chloride solution of muriatic acid, resulting in the Ag@AgCl surface being fully saturated by chloride ion. 
 
          
Scheme 2 Proposed reaction mechanism  
 
    When visible light irradiates the nano Ag, a photon is absorbed producing an excited state valence electron from an Ag atom on the Ag@AgCl 
catalyst. The Ag atom has an empty orbital (hole) on the catalyst surface and accepts an electron from Cl- ion on the AgCl resulting in the 
formation of a Cl0 atom. The loss of chloride ion from the catalyst is compensated immediately by chloride from the solution, resulting in the 
continual production of chlorine radicals under the reaction conditions. The radical production occurs over the whole surface of the catalyst, and is 
released into the reaction solution to react with toluene with the aid of the PTC. During the process of transfer off the surface, the chlorine radicals 
can react with each other to form dichlorine. The photogenerated electrons can also be trapped by dissolved O2 in solution to form superoxide ions 
(O2-) and other oxygen species, such as hydrogen peroxide, which can oxidize Cl- to Cl2 to drive the chlorination under strongly acidic conditions. 
A possible mechanism for the overall process is outlined in Scheme 2. 
   Although there has been no direct evidence for electron-transfer on the Ag@AgCl catalyst surface under visible light, the morphology 
of the catalyst before and after reaction reveals that the interface of the nano Ag and AgCl undergoes obvious changes. Figure 1b shows 
that different circular cavitations appeared on the surface of AgCl after the photocatalytic reaction 5 times. The formation of these 
cavitations was caused by the disappearance of AgCl at the interface of the nano Ag, which absorbs the photons leading to the oxidation 
of chloride ions to chlorine radicals. The photogenerated reducing electrons produced in situ transform silver ions to silver metal. The 
Ag(0)/Ag(I) ratio could be demonstrated by X-ray diffraction of the Ag@AgCl after the catalytic reaction was complete. The relative 
content of Ag(0) increased from 6 to 16 mol% (ESI  Figure 5). Obviously, the AgCl in the catalyst participates in the reaction and the 
relative content of the Ag@AgCl changes, however,, when the catalyst was used repeatedly (4 further times), its catalytic activity 
remained almost unchanged. The conversion of toluene was still higher than 38% when the Ag@AgCl catalyst was used for a fourth 
time.    
   After examining the chlorination reaction of the α-H of toluene with NaCl/HCl in the presence of Ag@AgCl and sunlight or visible light, we 
then examined the chlorination of other alkylarenes including substituted toluene, ethylbenzene, isopropylbenzene and methylnaphthalene in order 
to confirm the scope and utility of the method. As shown in Table 1, the conversion of the different alkylarenes depends on the starting material 
structure. GC analysis of the reaction solution showed that reaction was highly selective and multiple chlorination products were not detected. 
Although these conversions were not higher than for toluene, the level of 40% is close to being higher than that reported for the traditional 
chlorination technology, and this method has considerable advantages (vide infra). Also, the yield for this level of conversion reaches up to 95% 
(Entry 1) for toluene and p-NO2-toluene substrate appears to give similar results (Entry 5). However, the reaction of iso-propylbenzene resulted in 
the formation of 2-phenyl-2-propanol, resulting from hydrolysis of the corresponding chlorination product (Entry 3). 
 
 
 
Table 1. The result of the photocatalystic chlorination of the alkylarene with NaCl/HCl 
No. Ar-  R1  R2 Conversion Yield   Light 
                   (%)a  (%)b source* 
1 Ph H  H   40 95 lamp 
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                    23 94 sunlight 
2 Ph  Me  H   38 92 lamp 
                     20 85 sunlight 
3 Ph  Me Me 31 42 lamp 
                     8 38 sunlight 
4 p-Cl-Ph  H H 27 87 lamp 
5 p-NO2-Ph  H H  41 93 lamp 
                   20 90 sunlight 
6 p-t-Bu-Ph H H 29 88 lamp 
       17 85 sunlight 
        
a: Gas chromatography data using 6 mol% nano Ag@AgCl; b: Isolated yield. *:300 W xenon lamp equipped with an ultraviolet cut-off filter. 
 Conclusions We have developed an efficient photocatalytic chlorination of the α-H of alkylarenes using NaCl/HCl as the chlorine source, which 
occurs via a radical mechanism under either sunlight or visible light conditions. The chlorine radical is formed by electron transfer from chloride 
ion to O2 in air via the band gap hole of the AgCl semiconductor. This chlorination protocol is characterized not only by the use of natural sunlight 
or visible light, but also by mild conditions, cheap and sustainable chlorine source, green solvent conditions and high selectivity. The conversion of 
toluene is the highest of the substrates examined at 40%, which almost equals traditional chlorination methods but has the major advantage of 
being cheaper, cleaner, more sustainable and higher selection. In addition, the catalyst can be re-used with little impact upon reactivity four times, 
and the subsequent yield of benzyl chloride is 95%. This novel reaction process perhaps also possibly provides a new insight into understanding 
the formation of organo-chlorine-containing compounds in Nature. Further work to this heterogeneous catalyst system, especially applied to the 
halogenation of different substrates including alkanes and cycloalkanes will be reported, and the TON of the photocatalyst will be further 
examined and improved by changing the preparation method and optimizing the components.  
Experimental Section 
In a typical case, AgNO3 (0.51 g) and polyvinyl pyrrolidone (PVP, K30) (0.625 g) were dissolved in 1.4 M nitric acid solution (50 mL) 
with stirring at RT. Aqueous KCl  solution (50 mL, 0.06 M) was added to the mixture. After 30 min, the mixture was heated at 80 °C 
for 3 h. The resulting precipitate was collected by centrifugation, dispersed in a solution deionized water (50 mL) and AgNO3  (0.10 g) 
and was irradiated with UV irradiation for 20 min in the presence of sodium formate (1 mL, 0.02 M). The resulting product was 
collected, washed thoroughly with deionized water, then absolute ethanol, and then dried at 70 °C in air for 12 h.  
Chlorination procedure of alkylarene with NaCl/HCl under visible light 
The phase transfer catalyst (0.30 g) and the Ag/AgCl (containing 3.5-8.7 mol% nano Ag photocatalyst, 0.90 g) were added to a photocatalytic 
reaction vessel (PLS-SXE300CUV) and charged with alkylarene (0.5 mol), with stirring. Saturated sodium chloride solution (120 ml) containing 
conc. hydrochloric acid (6ml) was added to the solution. The visible light produced by a 300 W xenon lamp equipped with an ultraviolet cut-off 
filter was used as light source to irradiate the reaction mixture for 5-9 h and the reaction was monitored by GC. The reaction solution was filtered 
(to reclaim the photocatalyst). The solution was separated and the inorganic phase was collected for future use. The organic phase was dried over 
anhydrous MgSO4 and the chlorination product was obtained by evaporation. 
Chlorination procedure of alkylarene with NaCl/HCl under sunlight 
The phase transfer catalyst (0.20 g) and Ag/AgCl (containing 3.5-8.7 mol% nano Ag photocatalyst, 0.60 g) were added to a three-neck flask 
charged alkylarene (0.5 mol) with stirring. Saturated sodium chloride (120 ml) and conc. hydrochloric acid (6 ml) was added to the solution. At 
ambient temperature, sunlight irradiation of the reaction mixture was carried out for 5-9 h. The reaction mixture was filtered, separated and the 
organic phase was dried, and evaporated to give the chloride product. 
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